A sustainable ventilation method is one of the possible solutions to mitigate climate change and carbon emission. This method shall involve an analysis of the environmental impact, energy performance, and economical cost-effectiveness. There are still few studies concerning the life cycle assessment (LCA) of various alternative ventilation systems incorporating the combined effect of life cycle cost (LCC) and carbon emission in the supply-and-installation phase, as well as energy performances in the operation phase. The supply-and-installation phase of the system materials and components has a significant contribution to the total energy consumption and environmental loads of buildings. This paper covers a systematic approach to estimate their environmental impact, which was counted in terms of energy demand and CO 2 emission in the two phases. This approach has been applied to an actual typical 
Introduction
Human-induced climate change has become a dramatically urgent and serious problem. The 195 countries that met at Paris in 2015 agreed to hold the increase in the global average temperature to well below 2°C above pre-industrial levels and also make efforts to limit the temperature increase to 1.5°C [1] . Several developed countries have a long-term policy of reducing global GHG emission by at least 50 percent by 2050 [2, 3] . In order to achieve the long-term temperature goal, the countries aim at reducing global peaking of greenhouse gas emission as soon as possible, says the agreement. Excessive greenhouse gas (GHG) emission have been recognized as the root causing the anthropogenic climate change. In general, the major operational energy consumer in building is the HVAC system [4] [5] [6] . For example, all energy end-uses account in Hong Kong commercial sector, space air-conditioning and electrical lighting installations are counted for 30% and 16% of the total electricity energy use respectively. A practical instrument for predicting CO 2 emission that is undergoing rapid development is life cycle assessment (LCA), which is used internationally as an environmental management technique for the industry and authorities [7] . A lot of building environmental assessment methods and tools have been developed for appraising the environmental impact of buildings [8] , such as Leadership in Energy and Environmental Design (LEED) of the USA [9] , the Building Research Establishment Environmental Assessment Method (BREEAM) of the UK [10] , Green Star of Australia [11] , Green Mark of Singapore [12] and the Hong Kong Special Administrative Region (HKSAR) [13] . These tools have some useful attributes to analyze building performance [14] [15] [16] , but they are unable to quantify energy use in all phases, including embedded energy used by air conditioning systems. Every key entry of life cycle inventory of energy going in and CO 2 emission coming out of the entire process in the preparation of the various ventilation system components are considered in this study.
The specific inventories' values are regionally referenced from the Life Cycle Assessment tool's inventory databases. The Life Cycle Inventory (LCI) database in different countries and regions has respected to their defined system boundary, including Cradle to Gate, Cradle to As-built and Cradle to Grave. Those are involved the Ecoinvent [17] , European reference Life Cycle Database (ELCD) [18] , eBalance [19] , Inventory of Carbon & Energy (ICE) [20] , as well as Life Cycle Assessment (LCA) and Life Cycle Cost (LCC) Tool developed for Hong Kong commercial buildings [13, [21] [22] [23] .
The total life cycle energy of a building includes both embodied energy and operating energy: (1) Embedded energy: sequestered in building materials during all processes of production, on-site construction, and final demolition and disposal; and To produce useful information concerning carbon emission in the building operation system, many researchers studied energy consumption at different stages of the building life cycle and concluded that each stage has different effects [16, [24] [25] [26] [27] [28] [29] [30] Carbon emission is commonly expressed in terms of the life cycle stages involved: planning, design, construction, installation, test, commissioning, operation and disposal [31] . United States Environmental Protection Agency (USEPA) categorizes 6 these stages into the three consecutive phases, namely Cradle to gate, Cradle to as-built and Cradle to grave [32] . In this paper, these are presented in three distinct phases: (a)
Supply-and-installation phase: covering the content of materials in the construction process; (b) Operation phase: the operation and maintenance of the ventilation systems; and (c) End of life impact: the deconstruction process to waste materials [33] .
The result of LCA is of paramount importance for reducing the carbon emission in supply-and-installation phase and also influential on their operational efficiency with equal thermal comfort provision of the three ventilation methods [34] . Reducing the demand for operational energy appears to be the most important aspect for the design of buildings that are energy efficient throughout their life cycle.
A good ventilation method design would not only increase the potential for emission reductions over the building system life cycle, but should also provide a comfort environment during the operation phase. For instance, carbon emission may be reduced by means of cutting down electricity consumption in the entire centralized air conditioning system by the elevated indoor enthalpy and also facilitates better air quality in the breathing zone [35] [36] [37] . Furthermore, the correct selection of materials, equipment and air distribution technology during the planning and design phase can provide an opportunity to reduce carbon emission [38, 39] .
Research methodology
Through the case study to evaluate the economic benefits of adopting the 
System boundary of LCA
The focus of this study is to compare a full-scale stratum ventilation and displacement ventilation, with reference to conventional mixing ventilation during supply-and-installation and operation phases under the specific thermal comfort condition. Figure 2 presents the full boundary of study, including the processes from raw material extraction to the system fabrication, and to the final disposal stage at the end of system service life. Using the cradle-to-gate approach compiled the life cycle inventory. This allows the LCA to collect all of the impacts due to the resources being purchased. The raw materials for the fabrication of the various ventilation system components, which are tabulated in Table 1 , have been mainly mined in the Chinese Mainland with the rest imported from other places worldwide. For this study on the classroom, the data of embedded energy and carbon emission of each material is mainly extracted from the website of the Electrical and Mechanical Services Department of the HKSAR Government (EMSD) [13] and other databases in the Chinese Mainland [19] . The initial cost of each construction detail is provided by 
Data adopted in supply-and-installation and operation phases
In the supply-and-installation phase, the mass, embedded energy and embedded carbon of each component of the air handling unit (AHU) are tabulated in Tables 2   and 3 respectively. The embedded energy and embedded carbon values are extracted from the eBalance [19] and LCI data developed by the EMSD [21, 23] . The In the operation phase, the energy use for mixing ventilation, displacement ventilation and stratum ventilation has been evaluated under their thermal neutral temperature in thermal sensation model [47] . These neutral temperatures have been estimated from the actual votes of a large group of human subjects based on the heat balance of the human body. According to the ASHRAE 7-point thermal sensation scale, it concerns the thermal sensation vote of -3, -2, -1, 0, +1, +2, and +3
representing cold, cool, slightly cool, neutral, slightly warm, warm, and hot, respectively [48] [49] [50] . The neutral temperature is not only affected by the combinations of activity level, clothing insulation, metabolic rate, air speed, humidity and other possible environmental parameters [50] , but also each of air distribution methods is being adopted [30, 47] . This thermal sensation model with varied air distribution methods is based on the regression analysis of the votes results from the forty-eight subjects of ASHRAE 7-point scale under the same conditions in the classroom. It can directly find out the thermal balance of the internal heat production in the body equaling to the loss of heat to the environment in mixing, displacement and stratum ventilation systems. In mathematic expression of this model, the neutral temperature is defined in a thermal comfort context as the room temperature for which the actual vote of a sample occupant group is equal to zero "neutral" in the thermal sensation model. As result, the thermal neutral temperature under stratum ventilation is approximately 2.7 °C higher than that under mixing ventilation and 2.2 °C higher than that under displacement ventilation at the supply air flow of 10 air change per hour 
Case studies for three ventilation systems using LCA
This study of CO 2 emission of alternative ventilation systems, including mixing ventilation, displacement ventilation and stratum ventilation (as illustrated in Figure   1 ), are divided into the supply-and-installation phase and operation phase. The CO 2 emission of the supply-and-installation phase consists of the emission embedded in the materials utilized to construct the ventilation systems. This classroom is located in an interior zone of an air conditioned building. Thus, the energy is mainly used to tackle for the internal and ventilation loads.
Supply-and-installation phase

Life cycle cost
The first step is to acquire relevant cost data for the evaluation of the three alternative ventilation systems. (0.96% less) respectively. These costings are used for incorporating with embedded energy and carbon emission studies in the following sections.
Cumulative embedded energy
The CO 2 emitted in the supply-and-installation phase of the alternative ventilation systems have assessed using the same model of air handling unit (AHU). Its overall mass weight of 222 kg and each component inside air handling unit are tabulated in Table 2 . Table   3 . Table 4 transportation of all components is summarized in Table 5 for the three ventilation systems. The total CO 2 emission for the three ventilation systems during the supply-and-installation phase is summarized in Table 6 . Table 7 . 
Energy consumption in the operation phase
LCC and LCA result
As a result, the operational energy consumption for systems with mixing ventilation, displacement ventilation and stratum ventilation can be estimated by the all-year-round total energy consumption multiplying the concerned service years and emission factor of CO 2 . The analysis of carbon emission combined with (1) supply-and-installation phase and, (2) Table 7 . Maintenance Costs for the three ventilation systems are assumed to be 6% of their initial costs. The other parameters and formulas used for NPV estimation are shown in the remarks under with the all-year-round total energy consumption as shown in Table 7 ; Maintenance Costs (MC MV , MC DV & MC SV for mixing, displacement and stratum ventilation respectively) are assumed as 6% of their initial costs.
(c) By substituting annual discount rate, i = 0.15 (i.e.15%) to find out the equivalent present value of F, then using it in the formula to determine cash flow occurring in the "nth" years in the future.
(d) Salvage cost (SC) in this NPV analysis is equal to initial cost (IC) × a % for each ventilation system in the NPV analysis, where "a%" is the assumed percentage of initial cost after different service years.
Discussion
LCA and LCC analysis
This LCA analysis of the air-conditioning equipment and each component covers the supply-and-installation phase and operation phase. The total cumulative energy of the three ventilation systems in the supply-and-installation and operation phases, shall be evaluated in order to quantify the environmental impact of the embedded energy of the product in each ventilation system.
In the supply-and-installation phase, the initial costs of displacement ventilation and stratum ventilation are 3.22% and 0.96% less than that of mixing ventilation as shown in Table 1 Tables 7, 8 and Figure 4 . It is found that stratum ventilation has the least energy consumption (38.56% less than that of MV in Table 7 ), least carbon emission (31.71% less than that of MV in Figure 4 ) and least LCC (23.89% less than that of MV in Table 8) 
Data used in assessment framework
The 
Sequential analysis
More comprehensive modeling is studied in accordance with the above discussion on LCC and LCA results. Throughout the LCC analysis presented in this paper, the savings in initial costs for DV and SV are due to less material use in the ductwork, those ductworks used are smaller compared with that of the mixing ventilation system.
Their ductwork of different sizes with the accessories of the three ventilation systems are indicated in the items 8 to 11 of Table 1 . To generalize this analysis, the multiplying factor "m" is used to represent the variation in ductwork size. The generalized LCC for different service years can be expressed as follows:
Where  LCC (Yr-n): is the life cycle cost during n service year(s)  IC AHU : is an initial cost of the identical AHU used in the current study (i.e. sum of cost items 1 to 7 in Table 1 )
is an initial cost of ductwork size plus its accessories for the selected ventilation system (i.e. sum of cost items 8 to 11 in Table 1)  m: is a multiplying factor for the current studied sizes of ductwork and its accessories during 5,10,15,20 service years  OC: is an annual energy cost to maintain indoor comfort within the air-conditioned space for the selected ventilation system. It is equal to annual operational cost. It is equal to the all-year-round power consumption in term of kWh (Table 7) multiplying by the energy cost of HK$1/kWh  MC: is an annual maintenance cost and assume as 6% of the initial cost for the selected ventilation system
The trends of LCC ratio of SV and MV for 5, 10, 15 and 20 service years are illustrated in Figure 5 . It is found that the LCC ratio of $SV/$MV is always less than unity and the trends of LCC (Yr-n) is overlapping at the inserting point when m is less than one. This means that the most expensive system is MV, though the number of service year and ductwork size affect the slope of the trend of LCC (Yr-n). The trend of the LCC ratio of $SV/$DV is presented in Figure 6 , which illustrates that the LCC (Yr-n) of $SV/$DV is also greater than unity. Thus, the LCC of SV is less than that of MV. But this trend would be reversed if m is less than one. For the results presented in Figure 4 , the life cycle assessment (LCA) function is defined as:
CE total = ( CE supply + CE installation ) + P CE operation (2) Where  CE total is total carbon emission, kg-CO 2 in concerned service years  CE supply is the first-year carbon emission during the supply phase  CE installation is the first-year carbon emission during the installation phase  CE operation is an annual carbon emission during the operation phase. It is directly proportional to the all-year-round energy consumption in the operation phase  n is the number of the service years  P is the multiplying factor due to different cooling demand. P = 1 for the current requirement
The embedded energy and carbon emission of SV and DV are less than that of MV.
It is due to less energy consumed by SV and DV. If the cooling demand is different for anther air-conditioned space, the multiplying factor should be applied in Equation (2).
The CO 2 emission of SV and MV when applying the multiplying factor "P" during 5, 10, 15 and 20 service years are compared in Figure 7 . The trend of LCA ratio of carbon emission of SV/MV is less than one according to the different cooling demand for various service years. It is found that the carbon emission of SV is always less than MV. Figure 8 shows a shadowed zone of CO 2 emission ratio of SV versus DV.
The carbon emission of SV is greater than DV only if the cooling load is unrealistically low. This unrealistically low cooling supply cannot achieve the expected thermal comfortable environment. Apart from this zone, the carbon emission of SV is less than DV in various service years. It is found that the LCA of SV is less than DV while more cooling demand is required for the air-conditioned space (i.e. P > 1). systems, thermal comfort is one of important factors applying to various geometry of space [59] . For example, the design guidelines for SV shall be followed, such as the application is limited the thermal length of the supply air jets [60] . However, in the broader context the analysis is, as stated, dependent on regional-specific data hence the approach is, more effectively regarded as a template which should be followed where the use of other regional data is appropriate.
In term of mathematic expression to reflect these trends of curves in Figures 5 to 8 , the LCC and LCA modeling equations with the corresponding variables are tabulated in Table 9 . The corresponding LCC and LCA results for particular service years can be estimated based on the relative multiplying factor of ductwork size "m" and power "P". Table 9 : LCC and LCA modeling equations for "m" and "P" in 5, 10, 15 and 20 service years LCC / LCA modelling equations in n service years R-squared value 
Conclusion
In conclusion, the trends of LCC and LCA for the three alternative ventilation systems in downward order are MV > DV > SV. If the cooling load of the room is substantially lower, which is unrealistic, the trends would change to MV > SV > DV in the sequential analysis. Results of the study indicate that there is a strong case for stratum ventilation which is the best option for small-to-medium sized rooms to mitigate the LCC and CO 2 emission in Hong Kong over a service period of 20 years.
The result was found through taking account of the carbon emission into both the supply-and-installation and operation phases, using the accepted data available for the Hong Kong region. Other cases can be easily extended on ductwork size, power demand, as well as any regional concern by the sequential analysis.
This study prevents overlooking of the embedded energy in the supply-and-installation phase that definitely leads to significant amount of carbon 
